The results of a traditional visual mold inspection were compared to a mold evaluation based on the Relative Moldiness Index (RMI). The RMI is calculated from mold-specific quantitative PCR (MSQPCR) measurements of the concentration of 36 species of molds in floor dust samples. These two prospective mold evaluations were used to classify the mold condition in 271 homes of infants. Later, the development of respiratory illness was measured in the infants living in these homes and the predictive value of each classification system was evaluated. The binary classification of homes as either moldy or non-moldy by on-site visual home inspection was not predictive of the development of respiratory illness (wheeze and/or rhinitis) (P ¼ 0.27). Conversely, a method developed and validated in this paper, using the RMI index fit to a logistic function, can be used to predict the occurrence of illness in homes and allows stake-holders the choice among various levels of risk.
Introduction
Asthma and allergy afflict an ever-increasing number of children in the US (Mannino et al., 2002) . The Institute of Medicine's report on dampness and health expressed the opinion that there was scientific evidence linking molds and damp environments with asthma symptoms (IOM, 2004) . Therefore, predicting which environmental conditions lead to illness may be critical to prevention. In previous research, a relative moldiness index (RMI) was developed, based on the mold-specific quantitative PCR (MSQPCR) analysis of 26 mold species (Group 1) associated with water damage and 10 common species (Group 2) not associated with water damage Meklin et al., 2004) .
We are now using these groupings to create an Relative Moldiness Index (RMI) to determine which molds are associated with health problems, especially in children . In a study of Cleveland Ohio homes, some of the Group 1 molds were statistically associated with asthma in children but none of the Group 2 molds . When the water-damaged homes of these asthmatic children were repaired and remediated, a 10-fold reduction in asthma-related emergency room visits and/or hospital admissions was measured .
We are currently conducting a prospective birth cohort study (The Cincinnati Childhood Allergy and Air Pollution Study or CCAAPS) aimed at investigating the role of aeroallergens and diesel exhaust particles in the development of atopy and atopic respiratory disorders (Ryan et al., 2005) . As a part of the CCAAPS, we conducted a cross-sectional study on the association of exposure to mold/water damage and house dust mite with the prevalence of recurrent wheezing and allergen sensitization in infants at age one . Another parallel study investigated the association between airborne mold count and rhinitis and allergen sensitization (Osborne et al., 2006) . The purpose of this study is to examine the predictive value of the RMI compared to the traditional mold inspection and wheezing and/or rhinitis in infants.
Methods

Study Population
Infants born in Cincinnati, Ohio, and Northern Kentucky between 2001 and 2003 were recruited using birth certificate data. Eligibility for the study required that at least one parent was atopic, defined as having allergic symptoms and a positive reaction in a skin prick test (SPT) to at least one of 15 common aeroallergens (meadow fescue, timothy, white oak, maple, American elm, red cedar, short ragweed, Alternaria spp., Aspergillus fumigatus, Penicillium spp., Cladosporium spp., cat, dog, German cockroach, and house dust mite) (Ryan et al., 2005) . The main focus of the overall CCAAPS was proximity to traffic and therefore the primary selection criteria was that the home was within 400 m of a highway (Ryan et al., 2005) . Successful recruitment was about 20%. The study was approved by the Institutional Review Board at the University of Cincinnati.
On-site Home Visit and Exposure Assessment
On-site home visits in 777 homes were performed by trained two-person teams when the infants were about 8 months old on average in order to investigate the prevalence of mold damage and to collect floor dust samples for exposure assessment of indoor aeroallergens and mold as described by Cho et al. (2006) . In brief, dust samples were collected from flooring materials in the room where the child spent most of his or her daytime. The dust sample was vacuumed at a flow rate of 800 l/min into custom-made cone-shape HEPA filter trap (Midwest Filtration, Cincinnati, OH, USA), which was attached to the nozzle of vacuum cleaner to collect dust samples.
For carpeted floor, samples were collected from the same area of 2 m 2 at a vacuuming rate of 2 min/m 2 (1 min horizontally, 1 min vertically). For non-carpeted floor (hard wood, linoleum, tile, or sheet floor), only one sample was collected from the entire room at a rate of 1 min/m 2 . The home dust sample was sieved (355 mm sieve), and the fine dust was divided into sub-samples and stored at À201C before analyses . A 5 mg sub-sample of the fine dust was used for the MSQPCR analysis, as previously described .
Simultaneously with dust sampling, a home inspection was performed and a questionnaire administered on home characteristics regarding a history of water damage, existence of visible mold, and any known repairs for water damage. Then, an indoor visual observation of the house conditions was conducted . A ''moldy home'' (MH) had at least one of the following: water damage history, visible mold/water damage, or moldy odor. A ''non-moldy home'' (NMH) had none of these. Based on the inspection classification, 154 MHs and 115 NMHs were selected for MSQPCR analysis of the dust. (The fact that a comparison was going to be made using another method was not known to the inspectors at the time of the visual inspection).
Skin Prick Testing and Medical Evaluation
During the infants' first clinical visit at the average age of 13 months, they underwent skin prick testing for food (milk and egg) and the 15 aeroallergens (Ryan et al., 2005) . Infants who showed a positive reaction were classified as sensitized. Meanwhile, a questionnaire on the infants' respiratory symptoms was administered to the parent. The ISAAC questionnaire for 4-5-year-old children was adapted to develop a wheezing and rhinitis questions for our cohort (ISAAC, 1998) . At least two episodes of wheezing, without cold in the previous 12 months, was defined as recurrent wheezing. Rhinitis symptoms included sneezing, runny or stuffy nose when the child did not have a cold or flu. When rhinitis symptoms were combined with allergen sensitization, it was defined as atopic rhinitis. Illness cases included infants who had either persistent wheeze, atopic rhinitis, or both. Controls were non-atopic, both wheeze and rhinitis free.
MSQPCR Analysis of Dust
Methods have been reported previously for preparing conidial suspensions from fungal cultures, extracting DNA, performing MSQPCR analyses, and preparing standard calibration curves for target conidia versus delta cycle threshold values (DC T ¼ C T,target ÀC T,reference ), using coextracted DNA from Geotrichum candidum as an exogenous reference (Haugland et al., 2002; Brinkman et al., 2003; Haugland et al., 2004) . All primer and probe sequences, as well as known species comprising the assay groups, were published at the website: http://www.epa.gov/microbes/ moldtech.htm. Primers and probes were synthesized commercially (Applied Biosystems, Foster City, CA, USA; Integrated DNA Technologies, Coralville, IA, USA; Sigma Genosys, Woodlands, TX, USA).
Statistical Analyses
Mold concentration data having a minimum detection limit of 1 cell mg À1 dust were treated as left-censored data with appropriate statistical methods applied (Helsel, 2005) . Procedurally, non-detections were set at 1/2 the minimum detection limit, and given equal and lowest rank for nonparametric rank-based analyses (Helsel, 2005) . The inspection designated NMH were coded as 0 and MH were coded as 1. This created a cross-classified binary variable with the binary outcome indicating illness absent (0) or present (1). Fisher's Exact test was performed on the resulting 2 Â 2 table. In addition, individual mold species concentrations were compared using the Wilcoxon rank-sum test (Table 1) .
The RMI index was computed for each home by taking the sum of log-transformed Group 1 mold species concentrations minus the sum of log transformed Group 2 mold species concentrations . The concentration of the Group 2 species is subtracted from the Group 1 species in order to adjust for variations in cleaning habits (Vesper, 2006) . The RMI values allow homes to be ranked on a continuum from lowest to highest burden of mold. A logistic model was developed on the 271 homes that took the RMI value as the independent predictor of the child developing illness. A binary classification of homes using the logistic model allowed for specifying an RMI threshold at which homes are divided into two groups.
A 10-fold cross-validation procedure was used to assess the accuracy and consistency of this method to predict illness using the 271 study homes (Venables and Ripley, 2000) . This procedure first randomized the full set of homes, then divided them into 10 subsets: nine with 27 homes and one with 28. At each of 10 iterations, nine subsets were used as the ''training set'', whereas one served as the ''test set''. A standardized range of 27 RMI quantiles was determined that spanned from the fifth to the 95th percentile of the empirical distribution of all 271 RMI values (see Figure 1 and Table 2 ). Model performance metrics including classification error, odds ratio with 95% confidence limits (CL), and significance from Fisher's Exact test (adjusted for multiple comparisons) were computed for each of these 27 RMI quantiles, that is, thresholds, spanning the middle 90% of the RMI distribution. These combined measures of model performance form a basis for selecting an RMI threshold providing support for a statistical decision analysis. On the basis of this threshold, homes were reclassified using the Wilcoxon rank-sum test applied to the mold concentrations of each of the 36 mold species. The P-values for all Wilcoxon rank-sum and Fisher's Exact tests were adjusted for multiple comparisons using the Benjamini and Hochberg method (1995) .
Statistical analyses and graphics were performed using SAS (SAS Institute Inc., Cary, NC, USA) and the R Software environment for statistical computing and graphics (http://www.r-project.org/). 
Results
The Wilcoxon test performed on the mold concentrations for homes grouped by the inspection process into NMH versus MH (Table 1) showed that no species was significantly different in concentration between these two groups of homes at the 95% CL, when P-values were adjusted for multiple comparisons. Fisher's exact test on this 2 Â 2 table estimated an odds ratio of 1.33 (95% CL 0.80, 2.23) and P-value of 0.27. Table 2 shows the results for the 10-fold, cross-validation which used a logistic model and the RMI values to predict wheezing and/or rhinitis in children living in the 271 homes. Cross-validation provides more robust estimates of all summary metrics, shown in Table 2 , than could be obtained from a single model fit to the data and subsequent classification of homes. By comparing Table 2 with Figure 2a , a range of RMI values between approximately À5.53 and À0.24 show the line depicting the lower 95% CL of the odds ratio that lies above the reference line of one corresponding directly to the same range of RMI values with adjusted P-values showing marginal to strong statistical significance in Table 2. A useful maximum odds ratio occurred at an RMI value of À4.29 (Table 2 ). Based on this value, the study homes were reclassified into ''more moldy homes'' (MMHs) and ''less moldy homes'' (LMHs). With this reclassification, the mold burden was compared using the Wilcoxon rank-sum test across all 36 species (Table 3) . Based on this classification, all Group 1 molds were in significantly higher concentrations in the MMH than the LMH and GM ratios range from 1.24 to 16.92. For the Group 2 molds, only five of 10 were statistically significant at the Po0.05 level with GM ratios ranging from 0.97 to 3.90. Thus, Group 1 molds were clearly in higher concentrations in homes associated with illness.
Discussion
Reported wheezing has been associated with home dampness in various studies, and the risk of reported wheezing was increased up to five-fold in homes with mold or water damage (Waegemaekers et al., 1989; Zock et al., 2002; Belanger et al., 2003) . Our earlier results suggested that infants living in homes with major mold/water damage (40.2 m 2 of visible mold) are at two times greater risk in developing recurrent wheezing compared to infants in nondamaged homes, after controlling for the effects of dust mite exposure and household income . However, major mold/water damage was observed through home inspection and survey (detailed above) in only 5% of the homes, yet 19.6% of the infants developed wheezing and 49% developed rhinitis at age one . Therefore, most cases of illness were not predictable on the basis of a home inspection.
These predictions could have been complicated by other exposures, such as smokers living in the home . A parallel study did not find any associations between total mold spore count and rhinitis or allergen sensitization. However, several associations emerged when mold species were identified (Osborne et al., 2006) . This indicates the importance of assessing mold exposures by a mold species level analysis. However, the methods used in that study (not MSQPCR) are very time consuming and not highly standardized.
MSQPCR provides a highly standardized method to identify and quantify species of molds. The significant differences in spore concentrations and GM ratios in the MMH compared to LMH (Tables 3) suggests that respiratory illnesses in these infants were associated with higher concentrations of Group 1 mold species in their environment. So we next standardized a way to define mold burden with the RMI.
The RMI numeric scale readily lends itself to a logistic discriminant function that takes an independent continuous variable and outputs a probability of occurrence for a binary (0 to 1) dependent variable, like illness. These tools provide a more meaningful interpretation of the mold conditions and may help in home mold remediation decisions. The logistic model provides a sound statistically based platform for identifying homes with potential mold-related problems, and, further, may be adapted to incorporate other indicators for respiratory illness.
As an example to illustrate how an RMI threshold could be selected and used to divide this population of homes into two classes, consider an RMI threshold of À4.29, corresponding to an odds ratio of 2.53 (95% CL 1.35, 4.77). A rationale for this selection could be a risk manager's desire to maximize the significant odds-ratio values while minimizing the false negative error rate, that is, homes where infants developed respiratory illness that were not predicted to by the model (see Figure 2b) .
The example RMI value of À4.29 provided the best predictor of illness with the lowest rate of illnesses missed, that is, false negatives (6.7%). However, the rate of false positives was 34.4%. For the 271 homes in this study, the RMI threshold of À4.29 would recommend remediation on as many as 219 homes. An RMI value of À2.46 gives about the same odds ratio (2.35), but allows a higher rate of false negatives (11.1%) and a lower rate of false positives (28.9%). Using this higher threshold would recommend remediation on as many as 192 or 12% fewer homes. The À4.29 threshold represents a more risk adverse but costlier decision, whereas the À2.46 threshold represents a more risk accepting but lower cost decision (considering only the costs of remediation and excluding the costs of illness).
These examples used the RMI and a logistic model to select a threshold for a binary classification of homes. This was done to facilitate a direct comparison to the home inspection-based classification method. It should be noted however, that the logistic model predicts values on a probability continuum between 0 and 1, offering a far more flexible and sensitive means for identifying homes with potential mold problems. While the RMI concisely and efficiently characterized mold condition in a home and related risk, an immediate and obvious improvement to predicting risk of respiratory illness would be to include additional information to the RMI in the predictive model like smoking in the home, pets, dust mites, or other indicators that could be taken from the home survey. Adding these factors to the logistic model might improve the prediction of illness even more.
The subjects of the study were all atopic and thus very susceptible to respiratory illness. Even relative low RMI (Table 2 ) and for dividing the homes into more moldy homes and less moldy homes (Table 3) . False negatives are shown as minus signs and false positives as plus signs.
values were associated with illness. However, this is only one epidemiological study and to determine the usefulness of the RMI, many additional studies are needed. In another study of water-damaged homes, an RMI value of about 1 increased the likelihood of asthma about five-fold . Additional studies are in progress. These will help to define the general applicability of the RMI classification.
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